In the present paper, the active vibration control of a composite beam using piezoelectric actuator is investigated. The space state equation is determined using system identification technique based on the structure input output response provided by ANSYS APDL finite element package. The Linear Quadratic (LQG) control law is designed and integrated into ANSYS APDL to perform closed loop simulations. Numerical examples for different types of excitation loads are presented to test the efficiency and the accuracy of the proposed model.
Introduction
Composite structures offer a combination of lowdensity, high-strength and lightweight which make them extensively merged in many industrial sectors such as aerospace and automotive. The working environments of the composite structures are subjected to ambient vibration that commonly goes unused unwanted and can lead to catastrophic failure. To reduce the risk of the composite structures damaged [8] , active vibration damping technique is gradually becoming a reality in different areas. Inspired by the phenomena of piezoelectricity in certain materials the active vibration technique requires bonding piezoelectric patches in a conventional structures to create a kind of smart structure that has the ability of self-control [1, 3, 7] .
The last few decades have witnessed a huge amount of research reports dedicated to analyse the active vibration control of composite structures with distributed piezoelectric sensors and actuators. The investigation is mainly performed either analytical or by using finite element method, for the analytical approaches reader can be refer to [5, [15] [16] [17] , however in this paper will focus on the works done using finite elements methods [14] developed a finite element model based on third order laminate theory for the active vibration control of composite beams with distributed piezoelectric sensors and actuators [6] developed a finite element formulation for modelling and analysis of isotropic as well as orthotropic composite beams with distributed piezoelectric actuators subjected to both mechanical and electrical loads [2] suggested a finite element method (FEM) to study the active vibration control smart FGM beam based on higher-order shear deformation theory. The piezoelectric sensors and actuators positions have a great influence on the control system efficiency and reliability. Hence, many research papers were focused on finding the most appropriate location that lead to cost and weight reduction [16] presented an approach based on the Rayleigh-Ritz (RR) assumed mode shape method to predict the behavior of a thin plate with piezoelectric patches bonded to its surface. [21] proposed optimization technique of the placement and size and the feedback control gains of the control system for vibration damping of beam structures. [22] studied the optimization of the size and location of piezoelectric actuators/sensors, and the controller parameters of composite beam by using the particle swarm optimization algorithm.
Moreover, extra research papers are used commercially software such APDL which has the ability to model piezoelectric materials and perform the investigation of the active vibration control. [13] proposed a performance criterion for the optimization of piezoelectric patch actuator locations on flexible plate structures using APDL and genetic algorithm. [11] dealt with the active control of a smart laminate composite structure (SLCS) by using type of controllers direct velocity feedback (DVF) and displace-ment feedback (DF) controls with constant gain are used. [18] proposed a prototype developed in APDL for the active vibration control of lightly damped cantilever aluminium using a linear quadratic controller (LQ). [9] coupled APDL and Matlab to study the active vibration control of a cantilever beam by means piezoelectric patch and PID controller. Unfortunately, the use of certain control algorithm such as LQR requires a state space mathematical model of the smart structure. Several work dealt with the extraction of state space model using the system identification technique. [12] used known Observer/Kalman filter Identification (OKID) to obtain an explicit state space model for control law based on the output of a commercial finite element code APDL. [20] introduced an experimental device for the identification and validation of active vibration control of lightly damped cantilever aluminium beam with piezoelectric patch. [4] presented a methodology to use the software APDL in modelling and active vibration control of a functionally graded (FGM) plate with upper and lower surface bonded piezoelectric layers.
The problematic of using controllers as LQR and LQG in active vibration control is that they required a good knowledge of the structures behaviour which means the necessity of a mathematical model of the structures such as state space representation. In the present paper, a methodology is presented using system identification technique based on the input-output of the structure to derive a space state model for the structure under consideration. The aim is to carry out a numerical investigation of the active vibration control of composite beam using LQG. First the smart structure is modelled in the commercial finite element software APDL, after the system identification toolbox in Matlab is used to get the state space model based on the input/output time histories of the structure. Final the LQG control law is designed and integrated into APDL to perform closed loop simulations.
Modeling of smart composite beam
Consider a smart composite beam bonded with piezoelectric actuators. By means of finite element method, the system equation of motion of the smart composite beam can be expressed as:
Where {U} denotes structural displacement vector, {φ}
and {Fm} are respectively the mass, the elastic stiffness, the damping, the piezoelectric, the dielectric stiffness matrices and the vector of external nodal mechanical forces. It must be noted, that the damping matrix is assumed to be constructed as the weighted sum of structural mass and stiffness matrices:
where α and β are damping constants.
The basis of simulation of the smart composite beam has been carried out by using APDL APDL finite element package. The following section describes in detail the steps involved in using the software for analysis of the smart structure. First the geometric solids of the composite beam and the actuator are created using the block command, then the mechanical properties needed for the composite part are inserted using MP command, while the piezoelectric matrices are specified using TB and TBDATA commands. The meshing is performed using two types of three dimensional structural element, (SOLID45) for the composite beam and (SOLID5) for the piezoelectric patch, after that the degrees of freedom, VOLT, are coupled for the nodes at the top and bottom surfaces of the parch by CP command. Finally the appropriate boundary conditions were applied at the fixed end.
Identification of the state space equation
Many control algorithms require a mathematical model of the controlled structure in a state-space form. Many works used mathematical formulation based on analytical or numerical models to obtain such a space state form of the structure under control. Unfortunately this processes become unpractical in complexes structures. This work evaluates the possibility of Using system identification technique to retrieve a space state form based on the input-output extracted data from ANSYS. The process is begun by preparing the smart beam under ANSYS as discussed in section 2. Then, a pseudo random binary sequence (PRBS) signal was applied to the piezoelectric actuator and used to excite the composite beam in the bandwidth of interest. The code used is discussed as following:
At starting points we define create a vector using *DIM command and then fill it with random voltage amplitude of −100 and 100 values by means do loop as: This excitation signal was chosen to guarantee all the resonance modes are captured. Input/output time histories data is then loaded into Matlab System Identification Toolbox for the extraction of the state space equation which can be derived as:
Where {x} is the state vector, {Y}is the output vector, [A] is the system matrix, [B] is the control matrix, and [Ĉ] is the output matrix.
Optimal Controller Design
In order to actively attenuate vibrations, optimal linear Quadratic Gaussian (LQG) control algorithm which is based on the minimization of the performance index J [19] given as:
where E denotes the expected value the matrices [F] [Q] and [R] are weighting matrices. The discrete-time LQG controller iṡ
where x denotes the estimated state, and [Kb] is the gain matrix given by
[P] is the unique and solution of the reduced Riccati equation which given by:
The feedback gain matrix equals
where S satisfies the following algebraic Riccati equation
The implementation of the control algorithm in APDL is performed as is presented in the previous study of the authors [4] . Table 1 . The first four frequencies are obtained using APDL and they are plotted as frequency response function in Figure 1 . While the corresponding mode shapes are shown in Figure 2 . (−100v and 100v) with a sampling time of T=0.01 seconds (the whole process has been discussed in section 3). The applied random voltage is shown in Figure 3 , while the beam response is presented in Figure 4 . The input-output time history obtained from Ansys is now used to obtain the final state-space model using system identification toolbox in Matlab [10] . Using the space state model, an LQG control algorithm is designed and implemented in APDL for the closed loop simulation,
The deflection of the beam due to the applied PRBS voltage is plotted in Figure 4 . As can be seen from Figure 4 , the amplitude of the deflection beam is unpredictable which help to test a large number of resonance frequencies. As an example, the enlarged view of deflections for the time interval [2.4, 3.4 ] is displayed. To test the effectiveness of the present methodology, first the free end of the beam is subjected to a transverse load of 1N magnitude for 0.01s. Figure 5 presents the tip coupled with system identification technique to obtain the state space equation. LQG control law is designed and implemented into APDL to calculate the voltage gain. Numerical results demonstrate that the control algorithm is efficient in reducing the vibration which encourages using the presented technique for more complex problems.
